The Inactivation kinetics of -glucosidase, glucoamylase, -amylase, and acid carboxypeptidase in fresh sake using a continuous flow system for high-pressure carbonation were investigated. In addition, the effects of ethanol and sugar concentrations on inactivation of the enzymes in high-pressure carbonated sake were investigated. Among the enzymes investigated, -glucosidase was the most stable and -amylase was the most labile on inactivation under carbonation. The decimal reduction times (D values) of -glucosidase, glucoamylase, -amylase (extrapolated from the Z value), and acid carboxypeptidase were 29, 6, 2, and 5 min respectively at 45 C. These values are lower than those subjected to heat treatment. On the carbonation treatment as well as the heat treatment, ethanol accelerated the inactivation of all four enzymes, but glucose depressed the inactivation of these enzymes, except for acid carboxypeptidase. These results suggest that this continuous flow system enabled effective inactivation of enzymes in fresh sake.
Japanese sake is a traditional alcoholic beverage. Fresh sake, non-pasteurized, is one of the most attractive beverages because of its fresh flavor and taste. But it contains living microorganisms, such as lactic acidproducing bacteria, and several enzymes, which degrade its quality during storage and distribution. -Glucosidase (AGA) and glucoamylase (GA) in fresh sake increase glucose during storage. 1) On the other hand, acid carboxypeptidase (ACP) increases amino acids.
2)
The excessive amount of glucose and amino acids affect the quality of sake negatively. [3] [4] [5] Therefore, to inactivate microorganisms and enzymes, sake generally is heat-treated (pasteurized) before storage and/or distribution. But, this treatment also causes unacceptable changes in quality. On the other hand, ultra-filtration is the only practical method to prevent fresh sake from deteriorating in quality during storage by cutting out enzymes, 4, 6) but this process is accompanied by alteration of flavor, because low molecular tasty compounds such as amino acids slightly decrease with filtration. Therefore, the development of new techniques to preserve the quality of fresh sake is desirable.
Carbon dioxide (CO 2 ) can easily be used for food processing, because it is nontoxic, nonflammable, and inexpensive, and also can readily be removed from food products. In recent years, supercritical CO 2 and/or highpressure CO 2 has been applied to inactivate various enzymes that are responsible for degradation in the quality of food. [7] [8] [9] We also have reported the inactivation of enzymes 10, 11) and microorganisms 12, 13) by batch treatment with microbubbles of pressurized CO 2 . In these studies, various enzymes and microorganisms were effectively inactivated in aqueous solution under high-pressure carbonation. Furthermore, we developed a new apparatus for a continuous flow system with microbubbles of pressurized CO 2 . -Amylase (AA) and acid protease 14) were efficiently inactivated in a saline, and L. brevis and S. cerevisiae 15, 16) were also effectively inactivated by this system.
Our objectives in the present study were to clarify the inactivation kinetics of enzymes, such as AGA, GA, AA, and ACP, in fresh sake in a continuous flow system for high-pressure carbonation. Furthermore, the effects of ethanol and sugar concentrations on the inactivation of these enzymes in the carbonated sake were also investigated using synthetic fresh sake.
Materials and Methods
Sake. Fresh sake was brewed at the Hiroshima Prefecture Food Technology Research Center and was stored at À20 C until used. Measurement of sake meter, ethanol, acidity, and amino acidity of/in the sake were þ7:6, 17.9% (v/v), 1.23 ml, and 0.87 ml respectively. The sake meter was measured using specific gravity meter DA520 (Kyoto Electronics, Kyoto, Japan). The other general components were analyzed by the official methods of the National Tax Agency.
17)
Synthetic fresh sake. Synthetic fresh sake was prepared by the procedure of Okamoto et al., 18) with a slight modification. Table 1 indicates the composition of synthetic fresh sake. The concentrations of ethanol and glucose in the synthetic fresh sake were as follows: ethanol, 10, 15, 20% (v/v) at 65 g/l glucose, and glucose, 33, 65, 131 g/l at 15% ethanol (v/v) respectively. Enzymes for synthetic fresh sake were extracted from rice koji, with 20 mM sodium acetate buffer (pH 5.0) containing 0.5% NaCl. After centrifugation, the supernatant was concentrated and deionized by ultrafiltration (cut off molecular weight, 10,000 Da, UF-10PS, Tosoh, Tokyo). The deionized enzyme solution was filtrated with a glass filter (pore size, 0.45 mm), and was added to synthetic fresh sake so that the activity of GA corresponded to 20 units/ml. The activities of AGA, AA, and ACP in synthetic fresh sake depended on the activities of these enzymes in the enzyme solution added. The activity of GA was expressed as units by the official methods of the National Tax Agency of Japan. 19) Continuous flow system for high-pressure carbonation. Continuous treatment of fresh sake was carried out using an instrument manufactured by Shimadzu (Kyoto, Japan) according to our design (Fig. 1) . Fresh sake and liquefied CO 2 were simultaneously pumped through a CO 2 dissolving vessel (2.8 cm i.d. Â 35 cm high; 215 ml volume). The CO 2 fluid was dispersed into the fresh sake from a stainless steel mesh filter attached to the bottom of the dissolving vessel. The average pore size of the filter was 10 mm, which gave the highest CO 2 concentration.
10) The temperature of the dissolving vessel was maintained at 5:0 AE 0:5 C by circulating a cooling fluid around it. The microbubles of highpressure CO 2 migrated upwards while dissolving CO 2 in the fresh sake. The fresh sake saturated with CO 2 and CO 2 fluid undissolved were heated to a given temperature in the heating coil (12 ml). Then, they were retained in the residence coil (110 ml) for a given time at the given temperature and withdrawn via a pressure control valve. The temperature of residence coil was kept within AE 0.2 C of the given temperature. The average residence time was calculated from the flow rate of fresh sake and CO 2 .
Measurement of enzymatic activity. The activities of AGA and GA were measured using an AGA and GA assay kit. The activity of AA was measured using an AA assay kit. The activity of ACP was measured using an ACP assay kit. All these kits were purchased from Kikkoman (Noda, Japan).
Residual activity. The residual activity of the enzyme was defined as a residual percentage of the activity (units/ml) after treatment.
Data analysis. We assumed that the inactivation of enzymes in fresh sake follows a conventional 1st-order kinetic model:
where A is the residual activity at any residence time t (min), and k is reaction rate constant (min À1 ) at a given condition. The value of k was obtained from the slope of the regression of ln ðAÞ versus residence time.
The decimal reduction time (D value) was calculated using the following formula:
The Z value was calculated from the negative reciprocal slope of log D versus treatment temperature T:
where D 1 and D 2 are the D values at T 1 and T 2 .
To investigate the effects of ethanol and sugar on the inactivation of enzymes, we defined A and S values as the increment of ethanol and glucose concentrations needed for a 90% reduction in the D values at a given condition. The A and S values were calculated from the negative reciprocal slope of log D versus the concentrations of ethanol CE and glucose CG respectively: 
Results and Discussion
Inactivation behaviors of enzymes in fresh sake using a continuous flow system for high-pressure carbonation Figure 2 shows the inactivation behaviors of AGA, GA, AA, and ACP in high-pressure carbonated sake. Treatment was carried out at intervals of 5 C from 35 to 50 C and 20 MPa. In the treatment, the CO 2 feeding ratio, which was defined as the ratio of the CO 2 flow rate (g/min) to the fresh sake flow rate (ml/min), was 0.50 g/ ml. Of these enzymes, AGA was the most stable and AA was the most labile on inactivation under the high-pressure carbonation. This tendency corresponded to that by heat treatment. 20) The residual activity of AGA at 45 and 50 C decreased to 15 and 11% at residence times of 22 and 7 min respectively. On the other hand, no activity of AA at 45
C was detectable at a residence time of 7 min. The inactivation behaviors of AGA at 45 C and of GA at 50 C presented two biphasic curves with two linear stages. These phenomena were also observed in those of AGA, GA, and ACP by heat treatment. 20) Chen et al. 21) reported that inactivation of multiple isozymes which were different in thermal stability did not follow a conventional 1st-order kinetic model. In addition, it has been shown that multiple GAs in koji had different resistances to thermal inactivation. 22) The present results are perhaps due to different thermal stabilities of the multiple isozymes on AGA and GA in fresh sake under high-pressure carbonation.
Kinetic analysis of enzyme inactivation in highpressure carbonated sake Table 2 shows the D and Z values for the inactivation of enzymes in fresh sake by high-pressure carbonation. The D values were calculated from the first straight line. C; , 50 C. Treatment was carried out at 20 MPa and the CO 2 feeding ratio was set at 0.5 g/ml. The activities of AA at 45 and 50 C were not detectable at a residence time of 7 min. The activity of ACP at 50 C was not detectable at the same residence time. The D values of AGA, GA, and ACP were 29, 6, and 5 min respectively at 45 C. The D value, extrapolated from the Z value, of AA was 2 min at 45 C. We have reported the D values for the inactivation of these enzymes in fresh sake subjected to heat treatment. 20) For heat treatment, the D values of AGA, GA, AA, and ACP were 135, 66, 94, and 265 min respectively at 45
C. Comparing the D values between high-pressure carbonation treatment and heat treatment, it was found that carbonation allowed the time required for inactivation of AGA, GA, AA, and ACP to decrease to 1/5, 1/11, 1/47, and 1/53 of those for the heat treatment respectively.
The Z values for the inactivation of enzymes in highpressure carbonated sake ranged from 5 C for ACP to 11 C for AGA ( Table 2 ). We have reported that the Z values of AGA, GA, AA, and ACP in fresh sake subjected to heat treatment were 10, 8, 8 and 8 C respectively. 20) From comparison of the Z values observed in the two inactivation treatments, it is found that the Z values of AGA, GA, and AA subjected to carbonation treatment were almost equal to those in heat treatment. These results indicate that there was no difference in temperature-dependency between highpressure carbonation treatment and heat treatment on inactivation of AGA, GA, or AA. On the other hand, the Z value of ACP under carbonation was smaller than that under heat treatment. This result indicates that inactivation of ACP by carbonation treatment was more sensitive to the increase in temperature than that by heat treatment. Therefore, on the inactivation of ACP by high-pressure carbonation treatment, high-temperature and short-time treatment is more effective.
Arreora et al. 23) and Balaban et al. 7) have explained that the inactivation of enzymes by supercritical CO 2 treatment is based on the hypothesis that high-pressure CO 2 dissolves in water to produce carbonic acid; thereby, the pH value is temporally lowered. We also have reported that it was important for the inactivation of enzymes to increase the CO 2 concentration in the sample solution as well as to lower the pH. AA in deionized water was predominantly inactivated by the pH-lowering effect of carbonation treatment. 10, 14) On the other hand, Kamat et al. 24, 25) have explained that the effects of CO 2 on protein structure might be related to the formation of carbamate complexes between amino groups on the protein surface and CO 2 molecule. Also, we have reported that the loss of enzyme activity was accompanied by decomposition of the -helix structure.
26) The pH of sake is about 4.3, and the enzymes in fresh sake are acid-stable ones. 27) In addition, sake has a large buffer capacity. 28 ) Therefore, we suppose that the enzyme inactivation observed in the present study might be due to irreversible denaturation of enzyme protein, that is, decomposition of the -helix caused by dissolving CO 2 under high pressure.
Effects of CO 2 feeding ratio and pressure on inactivation of enzymes in fresh sake
Optimization of the treatment conditions should be considered. Thus, the effects of CO 2 feeding ratio and pressure on the inactivation of enzymes were investigated. The effects of CO 2 feeding ratio and pressure are shown in Figs. 3 and 4 respectively. In the first experiment, CO 2 was fed at 0.07, 0.15, 0.30, and 0.50 g/ ml under the constant temperature and pressure (45 C and 20 MPa). The efficiency of enzyme inactivation was almost identical for all four enzymes in higher CO 2 feeding ratios than 0.15 g/ml (Fig. 3) . We have reported that it is important for the inactivation of enzymes to increase the dissolved CO 2 concentration. 10, 11) Therefore, it was considered that these feeding conditions could saturate the sake with CO 2 under the treatment pressure. A second experiment was carried out at 40 C and a 0.50 g/ml of CO 2 feeding ratio, varying the treatment pressure from 10 to 30 MPa. The inactivation Treatment was carried out at 20 MPa, and the CO 2 feeding ratio was set at 0.5 g/ml. a The D value was defined as the residence time required for 90% inactivation of initial activity at a given condition. b The Z value was defined as the temperature increment required for a 90% reduction in the D value. Letters in parentheses are the same as in Fig. 2 . Symbols: , 0.07 g/ml; , 0.15 g/ml; , 0.30 g/ml; , 0.50 g/ml. Treatment was carried out at 45 C and 20 MPa. The activity of AA was not detectable at a residence time of 7 min and a CO 2 feeding ratio of more than 0.15 g/ml.
behavior of each enzyme was almost the same under the higher pressure as under 10 MPa (Fig. 4) . We have reported that pressure influenced the inactivation of enzymes on batch treatment, 10) but it was found that the concentration of CO 2 dissolved in the sample during continuous flow treatment 15, 16) was higher than that during batch treatment 10) at the same pressure. Therefore, such inconsistency can be attributed to the difference in the mode of treatment. These results indicate that 0.15 g/ml of CO 2 feeding ratio and 10 MPa of pressure are sufficient to inactivate the enzymes in fresh sake efficiently.
Effects of ethanol and glucose concentrations on inactivation of enzymes
Ethanol and sugars are the dominant components in sake, and these compounds should be attributed to the stability of enzymes. Indeed, ethanol decreases the stability of protein but sugars increase it. [29] [30] [31] [32] In general, the concentrations of ethanol and sugars in sake vary from batch to batch depending on the brewing conditions, such as the polishing rate of rice, the enzymatic activity of the koji, the fermentation temperature, and so on. We have also reported that ethanol promoted the inactivation of AGA, GA, AA, and ACP and that glucose depressed the inactivation of them, except for ACP, during heat treatment. 20) Hence, the effects of ethanol and sugar concentrations in fresh sake on the inactivation of AGA, GA, AA, and ACP in the highpressure carbonation treatment were investigated. The results for ethanol and sugar are shown in Figs. 5 and 6 respectively. The high-pressure carbonation treatment was carried out at 45 C, 20 MPa, and 0.50 g/ml of CO 2 feeding ratio. As shown in Fig. 5 , ethanol accelerated the inactivation of all these enzymes. We have reported that the degree of inactivation of acid protease increased with increasing ethanol concentration during microbubbling of supercritical CO 2 . 33) These results indicate that the ethanol in fresh sake promotes the inactivation of enzymes by carbonation treatment as well as by heat treatment. 20) The inactivation behavior of GA at 15 and 20% ethanol was composed of two linear lines. This result indicates that the multiple GAs in fresh sake are of different stability to ethanol under the high-pressure carbonation.
The inactivation rate of AGA, GA, and AA in fresh C and 20 MPa. The CO 2 feeding ratio was set at 0.5 g/ml. The activities of AA and ACP were not detectable at 7 min of residence time and 20% of ethanol concentration. sake decreased with increasing glucose concentration (Fig. 6) . On the other hand, increases in glucose concentration did not influence inactivation of ACP. This result suggests that sugar components in fresh sake depressed the inactivation of some enzymes in sake not only by heat treatment 20) but also by carbonation treatment.
Kinetic analysis of enzyme inactivation in fresh sake with different concentrations of ethanol and glucose Table 3 shows A and S values for the inactivation of enzymes in fresh sake by high-pressure carbonation treatment. The D values were calculated from the first straight lines. The A values of AGA, GA, AA, and ACP were 34, 18, 23 and 7% respectively. We have reported the A values for the inactivation of these enzymes in fresh sake subjected to heat treatment. 20) The A values of AGA, GA, AA, and ACP for heat treatment were 21, 17, 33 and 7% respectively. The A values of ACP for both the treatments were smaller than those of other enzymes.
The S values for the inactivation of AGA, GA, and AA in high-pressure carbonation treatment were À270, À220 and À190 g/l respectively (Table 3) . On the other hand, it has been reported that the S values of AGA, GA, and AA in heat treatment were À720, À550 and À280 g/l respectively. 20) A comparison of S values between these two treatments indicates that the S values of these enzymes under high-pressure carbonation were smaller than those in heat treatment. These results suggest that the effect of glucose on the inactivation of enzymes except for ACP in carbonation treatment were larger than that in heat treatment. Therefore, the concentration of sugar significantly affects the inactivation kinetics of enzymes in carbonation treatment. Treatment was carried out at 20 MPa, and the CO 2 feeding ratio was set at 0.5 g/ml. The treatment temperatures for the A and S values were 45 and 40 C respectively. a The A and S values were defined as the increment of the ethanol and glucose concentrations required for a 90% reduction in the D values at a given condition respectively. b N.D. indicates ''not determined''.
